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ABSTRACT
This study examined the characteristics of electrosprays of 1-butanol that burn in
air. Still images and high-speed movies captured with a laser sheet present helped
to establish general flame phenomenology and features such as shape, size, and
stability of the spray flame. The dependence of the flame structure and stability
on butanol flow rate and the applied voltage were examined. Mie-scattering-based
droplet size measurements were performed in both reacting and non-reacting elec-
trosprays. In general, a large peak in the distribution of droplet diameters centered
between 40 and 50 µm was observed in the non-reacting case, with a second peak
observed around 200 and 300 µm. With the flame present, a broader size distri-
bution, still with a peak between at 40 and 50 µm, but with a larger proportion
of 20 to 50 µm droplet diameters were seen. In addition, high-speed velocimetry
measurements provided insight into the velocity of the droplets inside the burning
spray. Some droplets were observed not to vaporize completely and pass through
the flame. Photographic evidence was acquired of droplet fission in the burning
spray. Charge transferred by the spray was also measured and compared with the
Rayleigh limit criterion for droplet fission. An analysis of the evaporation time,
based on droplet size and velocity, was used in order to rationalize the results.
Indeed, large droplets traveling with velocities observed in the high speed films
could pass through the flame without completely evaporating. It was concluded
that the electrosprays of bio-butanol could sustain flames stabilized with the assis-
tance of electrostatics. Furthermore, these electrospray flames had characteristics
substantially different from the spray flames of non-charged fuels.
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CHAPTER 1
INTRODUCTION
1.1 Research Motivation and Objectives
The purpose of this study is characterize the flames produced by the combustion
of bio-butanol electrosprays in air. Previous electrospray research has been pri-
marily conducted with traditional hydrocarbon fuels, such as heptane. However,
electrospaying is particularly appropriate for bio-alcohols that have an electric
conductivity of at least four orders of magnitude higher than the ones of hy-
drocarbons. With recent advances in large scale bio-butanol production from
renewable sources [1, 2], it is feasible for butanol to become a mainstream trans-
portation fuel in the near future. Butanol (C4H9OH) has many advantages over
the most popular biofuel today: ethanol. In addition to having a higher energy
density than ethanol (36.4 vs 24.8 MJ/kg, respectively), blending butanol with
traditional fuels is substantially more beneficial than ethanol. Evaporative emis-
sions are a regulated emission and of concern when choosing a new transportation
fuel. Currently gasoline is regulated to 7.8 psi of Reid Vapor Pressure (RVP) for
summer fuel blends and 15 psi for winter fuel blends. RVP is the absolute vapor
pressure exerted by a fluid at 37.8 degrees Celsius. The RVP change for a 10%
blend of ethanol in gasoline was about a 1 psi increase versus 0.75 psi decrease
for butanol for the same blending percentage [3]. This means butanol could be
blended with gasoline with out violating current RVP limits. Furthermore, bu-
tanol is much less miscible with water [4] (7.7 ml butanol per 100 ml of water
vs ethanol being fully miscible), and less corrosive than ethanol [3], allowing for
pipeline transportation of the fuel and longer term storage in existing tanks. A
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detailed comparison of related properties is given in Table 1.1. Comparisons have
recently been made between the “well-to-product” energy input needed for both
butanol and ethanol production using acetone-butanol-ethanol (ABE) fermenta-
tion. ABE fermentation is a type of bacterial fermentation method that is used
to produce acetone, butanol, and ethanol from organic starches. Ethanol produc-
tion requires several more production steps than butanol and, as a result, the net
energy gain is higher for butanol (6.53 vs 0.40 MJ/L of fuel) [4].
Fuel
Energy
Density
(MJ/L)
Stoich
A/F
ratio
Specific
Energy
(MJ/kg air)
Heat of va-
porization
(MJ/kg)
Density
(kg/m3)
n-Butanol 29.2 11.2 3.2 0.626 810
Ethanol 21.1 9.0 3.0 0.92 790
Diesel 38.6 14.5 1.7 0.27-0.86 875
Gasoline 32.2 14.7 2.9 0.40 715-765
Table 1.1 – Comparison of properties between transportation fuels [5]
Promising combustion benefits with the use of electrosprays have been demon-
strated in enhancing fuel injection in internal combustion engines [6, 7], and power
generation [8] with a particular emphasis on micro-combustion [9, 10]. Research
into electrospray enhancement of fuel injectors for use with ethanol-gasoline and
butanol-gasoline blends has been conducted by Anderson et al. [7, 11] showed
benefits in emission reduction. Electrostatic atomization of hydrocarbons blends
with bio-alcohols, such as butanol and ethanol, under a variety of flow rate and
voltage conditions, were previously studied, revealing that monodisperse nature of
electrosprays is, in actuality, not possible to achieve [12, 13]. However, the litera-
ture lacks a fundamental study of a combusting biofuel in electrosprays, especially
as it relates to butanol. The goal of this thesis is to enhance the understanding
of a combusting butanol electrosprays.
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To achieve this goal, the following objectives were pursued:
• Establish a sustained electrospray flame using, butanol as the fuel
• Characterize flame phenomenology
• Study the effect flow rate, voltage, and presence of a flame on the droplet
size in the spray
• Capture high speed movies of the combustion spray to obtain measurement
of droplet velocity
• Measure the charge transfer to the droplets in the spray, and compare with
the Rayleigh limit for droplet fission
1.2 Spray Combustion Fundamentals
Droplet combustion in sprays typically occurs in two distinct modes: single droplet
and group. Single droplet mode is when droplets are burning individually in a
region around their surface. As the droplets continue to evaporate, they transi-
tion and burn in group combustion mode, whereby a flame surrounds a group of
vaporizing droplets, as seen in Figure 1.1 on the next page.
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Figure 1.1 – Typical group combustion flame structure in a spray [14]
A main factor in the development of a spray flame is the way in which the flame
propagates from one droplet to another. This has been shown to be a factor of
the droplet spacing, ambient temperature, and fuel properties [15]. Figure 1.2
illustrates the multiple ways flames can spread between droplets.
Figure 1.2 – Flame propagation between droplets [15]
Note that both the droplet spacing (S/d), and the gas temperature (where L is
4
the latent heat of vaporization and T∞ is the undisturbed gas temperature) have
been non-dimensionalized. At very high ambient temperatures, the fuel will auto
ignite regardless of droplet spacing. At low temperatures and low droplet spacing,
droplets will enter the outer diffusion flame and begin to evaporate. This fresh fuel
vapor will burn and sustain the flame as new droplets enter and begin to evaporate.
At low temperatures and large droplet spacing, the droplets completely evaporate
before ignition is possible. At low spacing and high temperatures, but still below
the auto ignition temperature, the evaporating droplets form a dense cloud of fuel
vapor. This cloud, mixed with the ambient oxidizing gas, will propagate the flame
in a premixed mode. As droplet spacing increases at these same temperatures,
the droplets begin evaporating at a larger distance from the out diffusion flame.
Autoignition of the fuel vapor around the droplets takes place before the droplet
reaches the outer diffusion flame. If the droplets are close together (Mode II),
the flames from individual droplets will merge together. As spacing increases, the
flames from individual droplets will not merge before the droplets reach the outer
diffusion flame (Mode III) [15].
Spray flame structure has been shown to be heavily dependent on droplet size
and spacing. These parameters have been related in what is known as the group
combustion number [14], G, where:
G = 1.5 ∗ Le(1 + 0.276 ∗ Sc 13 ∗Re 12 )n 23 ∗ d
L
(1.1)
And Le is the Lewis number, Sc is the Schmidt number, and Re is the Reynolds
number of the droplets based on the slip velocity, n is the total number of droplets
contained in the spray cluster, d is the local droplet diameter, and L is the local
center-to-center spacing of the droplets. With this number defined, Chiu [16]
defined four distinct modes of spray combustion, based on
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Figure 1.3 – Group Combustion Modes [16]
the parameters S =
L
d
and nt = (
L
d
)3, as seen in Figure 1.3. The four modes are
characterized as follows:
• Individual droplet combustion is characterized by a collection of individually
burning droplets whose combustion does not effect adjacent droplets.
• Internal group combustion is characterized by vaporization and burning of
droplets inside the spray and a diffusion flame surrounding the spray core.
• External group combustion is characterized by droplets vaporizing in the
spray core and burn outside the spray core in a diffusion flame.
• External sheath combustion is characterized by external diffusion flame sur-
rounding a core of droplets. These droplets are not effected by the flame,
i.e., do not begin to evaporate, until they reach the flame sheet.
The terms “internal” and “external” refer to the location in the spray where
the primary combustion mode takes place. As the spacing between the droplets
becomes smaller, the combustion mode shifts from single droplet to varying levels
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of group combustion. As spacing becomes very small and/or the diameter of the
droplets increases, the droplets shield the flame from heating the interior of the
cone, reducing the evaporation rate of the droplets in the interior. The depen-
dence of the combustion mode on inter-droplet spacing is particularly interesting
when applied to electrosprays, because the droplets now carry a charge and natu-
rally repel one another, as will be discussed in the following section. Furthermore,
the decreasing radius of the droplets inside the spray cone, because of evapora-
tion, does not change the force between the droplets because the induced charge
remains in the liquid phase of the droplets. For the purpose of calculating elec-
trostatic forces, it is reasonable to approximate the droplets as point charges [17].
Therefore, the distance between the droplets would increase as they evaporate
during their journey through the flame, allowing for several modes of combustion
to be possible at different locations in the spray.
1.3 Electrospray Fundamentals
An electrospray is an injection system which causes liquid atomization using elec-
trostatic forces, without the use of a large pressure differential. Typically, a
capillary is charged at a high electric potential and liquid is passed through it.
A grounding electrode is placed a several centimeters from the charged capillary
and an electrostatic field is thus established between the capillary and the ground.
Through electrophoresis, the positive ions in the solution are driven toward a re-
gion of lower potential. The strength of the force on the ions is proportional to the
strength of the applied electric field. When the force on the is ions high enough
to overcome the energy barrier, primarily the surface tension, at the interface
between the liquid and the surrounding environment, a liquid stream is formed.
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Figure 1.4 – The Electrospray Mechanism
As shown in Figure 1.4, electrostatic forces produce three distinct regions in
the spray. The liquid emerges from the tip of capillary and forms a meniscus
called a Taylor cone [18]. From the tip of this meniscus, a liquid stream, or
ligament, emerges. Because of the Rayleigh instability, this ligament breaks into
droplets. Because of Coulombic repulsion among the droplets, a fan of droplets
forms. If operated under appropriate conditions [19] this spray has nearly all of
the liquid mass in droplets of similar diameter. This mode of operation is referred
to as the “cone jet” mode. Cone jets initially produce mono-disperse sprays
with a droplet size primary determined by mass flow rate and to a lesser extent,
by the input voltage. Increasing the voltage beyond the values necessary for the
establishment of the cone jet mode can produce several different jet morphologies,
seen in Figure 1.5 on the following page.
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Figure 1.5 – Effect of voltage on the electrospray formation [20]
The applied electrostatic field allows for the formation of the Taylor cone and
initial ligament formation. Once the ligament is formed, it is still subject to
breakup because of the Rayleigh instability [21], which causes streams of New-
tonian fluids to pinch off into droplets due to surface tension. As the applied
voltage increases, the effective surface tension of the liquid is reduced. The jet
formations are in order of increasing spray voltage. A, B, and C are examples of
different simple jets. Formation C is a special case called a kink instability. This
jet formation is a result of the ligament being subject to instabilities because of
flowing through a medium of a different density, similar to a Kelvin-Helmholtz
instability. This is characterized by a whipping jet that does not produce droplets
of uniform size. When the forces due to the fluid inertia meet or exceed the forces
due to surface surface tension, additional ligaments break off from the original
jet. The new structure is known as a ramified jet (formations D and E). As the
voltage continues to increase, surface tension is no longer a factor, and additional
jets begin to form closer to the opening of the capillary. Once additional jets
begin to form at the capillary opening, the jet structure has completely broken
down into random spraying (formation F).
The stability of the spray in the cone jet mode is determined by the properties
of the fluid. As the surface tension of the fluid increases, the magnitude of the
electric field needed to produce the spray also increases. If the field strength
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required to overcome the surface tension of the fluid approaches the breakdown
current of the environment surrounding the spray, corona discharge or arcing can
occur, which effectively eliminates the ability for an electrospray to be formed
[20]. As the conductivity of the fluid increases, the range of voltages in which a
stable cone jet type electrospray can be formed decreases [22]. Furthermore, the
diameter of the jet produced also decreases which in turn reduces the diameter
of the droplets produced [23]. Increasing the viscosity of the fluid substantially
increases the droplet size produced and the ligament breakup of the jet.
An important principle of electrospray operation is the so-called Rayleigh limit
[24], which determines the amount of charge for which droplet fission occurs, as
shown in Equation 1.2:
q2 = 8pi ∗ 0 ∗ γB ∗D3 (1.2)
Where q is the total charge of the droplet (in Coulombs), 0 = 8.8542 ∗ 10−12
C2m−2N−1 [25] is the permittivity of free space, γB is the liquid surface tension
of butanol, and D is the diameter of the droplet. Because the charge of the
droplet resides in the liquid phase, the charge density of the droplet increases as
it evaporates. This process continues until the force exerted by the electric charge
overcomes the surface tension and the droplet breaks apart.
The ability to control electrosprays through voltage and flow rate makes them
an interesting candidate for use in combustion environments. Several studies have
been conducted examining how electrospray can affect the combustion process.
The effect of the flame on defining parameters of the spray, such as droplet size
and velocity, was examined and compared to previous studies on electrospray
flames. Gomez and Chen at Yale University [26] performed a study with heptane
in a counter flow burner, injecting through an electrospray and studying the effect
on the flat flame produced in their configuration. Specifically mentioned in this
paper was the inability for combustion of a spray supported solely by electrostatic
forces, citing the breakdown of the electric field because of the high concentration
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of chemi-ions in the flame. Additionally, the larger droplets were observed to have
a higher average velocity than the smaller ones, and, therefore, a lower residence
time in the flame [26].
In a subsequent study, the same group sought to detect and capture evidence
of droplet fission in the flames of a counterflow burner. Droplet fission would
explain the rapid loss of larger-sized droplets given that evaporative effects were
insufficient to account for this loss. Convincing evidence was presented in several
images of droplets that lay abnormally close to each other in areas with otherwise
sparse populations [27]. This would suggest that one larger droplet broke apart
into several smaller droplets as a result of Rayleigh limit induced fission. Jido [28]
performed a study in which kerosene mixed with varying quantities of methanol,
diesel, and water and injected through an electrospray onto a horizontal flame
holder and ignited [28]. Flames produced with the electrospray were brighter and
longer compared to flames produced with a standard pressure-driven injector [28].
S.H. Chung et al. [29] studied the effect of an alternating electric field on the lift-
off distance of a propane jet flame. Typical results are copied in Figure 1.6 on the
next page.
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Figure 1.6 – Effect of an AC electric field on flame lift-off velocity of a jet flame
[29]
While the actual values of the velocity and voltages are not important, the
linear relation between voltage and lift-off velocity is quite interesting. As the
voltage increases, the flow velocity required to induce lift-off is reduced. The
electric potential is essentially pulling the flame toward the ground in similar way
that an electrospray is driven toward the electrical ground of the system.
The studies mentioned in this section are the only ones, to our knowledge, on
the combustion of electrosprays. The literature lacks any work on combustion
of sprays only supported by electrostatic forces, and how this combustion effects
spray parameters such as velocity and droplet size. Furthermore, flame phe-
nomenology for a self-sustained electrospray combustion has never been studied.
This shortage is significant, given the recent emergence and growing availability
of biofuels with increased electrical conductivity.
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CHAPTER 2
EXPERIMENTAL APPARATUS
2.1 The Electrospray
The experimental apparatus is shown schematically in Figure 2.1. The electro-
spray is formed by connecting a steel capillary to a syringe pump and high voltage
source. The capillary was commercially purchased with an inner diameter of 127
microns and was conical tip was machined using an Electrical Discharge Machine
(EDM).
Figure 2.1 – The basic electrospray apparatus used in this study
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The steel capillary was mounted vertically, and attached into a glass dish that
collected extra fuel. The flow of butanol ran opposite to gravity. Flow in the
same direction of gravity was originally tried, but the flame would travel up the
fuel spray because of buoyancy and burn on the capillary tip. The capillary was
connected to a KD-Scientific syringe pump that was used to meter the flow of
butanol. 1-butanol was used in all of the tests. The capillary and glass dish were
mounted on a rod stand, which allowed for height adjustments. The capillary was
connected to the positive lead from a Fluke Model 410B 10 kV power supply. The
ground lead was connected to a steel mesh located above the capillary. The voltage
output for the high-voltage supply was verified by a Fluke 27 multimeter and a
Fluke 40kV high voltage probe. The high voltage power supply was found to be
producing about 500 volts less than what the dial was indicating. So a setting of
7.5kV actually produced a voltage of 7 kV. This irregularity was only found to be
effecting the killavolt adjustments and the hundred-volt adjustment produced the
desired 100 volt change. All of the voltages reported here are the actual voltages,
not the voltage setting of the power supply. For these experiments, 6.5-7.5kV and
10-20 mL/hr were found to produce self-sustaining air stabilized flames. Different
combinations of these parameters were used to evaluate the effect of fuel flow
rate and the electric field on droplet size and combustion phenomenology. An air
stabilized flame, as used in this thesis, is defined as a flame that is a self-sustaining
flame and burns at a substantial distance above the capillary tip, being anchored
at a location essentially determined by the fuel flow rate and applied voltage
(similar to [29]). The flame was only found to be air stabilized in a narrow range
of voltages around 7.0kV, about ±500 volts. The distance between the capillary
tip and mesh was fixed at 125 cm for all tests. This distance was the largest that
would allow the generation of sufficently strong electrostatic fields to produce the
desired electrospray with the given power supply, and was used to provide the
best optical access into the spray.
High-speed and high-definition movies and images of the flames were captured.
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A Phantom 7.0v high-speed camera, capable of 4800 frames/sec at 800x600 res-
olution was used to capture the high speed videos. Frame rates between 1000
and 1200 per second were used, which provided a good balance between capture
speed and exposure time. A Nikon D5100 was used to capture the still images and
high definition movies. The camera was capable of 15 megapixels (4928x3264) of
resolution and Hi2 ISO, which is equivalent to ISO 25600. The ISO is a measure
of the sensitivity of the camera sensor. Increasing the ISO allows for the use of
shorter exposure times in lower light situations, but often results in more noise in
the image. Hi1 (ISO 12800) and Hi2 were the most common ISO settings for the
low-light flame pictures. The Nikon camera was also capable of 1/4000s shutter
speed. The exposure time used in most of the images taken was between 1/1000
and 1/2000 seconds. As the exposure time decreased, the luminosity captured
from the outer diffusion flame decreased and more of the burning droplets in the
interior of the cone were visible. Images were taken with an exposure time as low
as 1/4000s but these were usually too dim to be used. The same camera was used
to capture high-definition movies with a 1080P (1920x1080) pixel resolution and
30 frames per second (fps). Three different Nikon lenses were used throughout
the experiment on both cameras: a 50mm f/1.8, a 105mm f/2.8, and a 200mm
f/4. The aperture was always used wide open to capture the most light from the
flames. Typical images were 10 to 20 cm measured vertically, giving a per-pixel
distance of about 30 to 60 µm.
2.2 Droplet Size Measurements
Droplet size measurements were obtained using a Malvern Spraytec 97 droplet
sizer. This device utilizes a 670nm HeNe laser and detector system. The Malvern
system is capable of using either the Fraunhoffer approximation or full Mie Theory
to calculate the droplet size distributions. The Fraunhoffer approximation is a
simplified version of Mie Theory that does not require the index of refraction
of the droplets to be known, and assumes that the droplets are opaque. This
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technique has been shown to cause some errors in the size distributions [30], and
an index of refraction should always be used if available. Relying on the principles
of Mie scattering, the Spraytec feeds data into the v5.60 of the RTSizer software
package. The main input is the index of refraction of the liquid droplets and the
surrounding medium, in this case butanol and air, respectively. The butanol index
of refraction used was 1.40±0.0i [31]. The RTSizer software has many options
that can greatly effect the results of the data processing. The software manual,
available electronically through Malvern or as a printed copy stored in the lab,
was quite useful in determining where certain options were, but the explanations
of how these options interacted with the software were almost always lacking.
Also, the user manual for the newer software versions ( v5.6) provided a better
understanding of what certain options were, but not where to find them in the
version that works with the Spraytec 97. Using both manuals in unison proved
to be the most effective way to learn to use the software. The user should take a
background image before every test is run. A proper background image is critical
for obtaining for an accurate size distribution. Because of the large mass of metal
that laser and detector are mounted to, changing room temperatures alter the
alignment slightly. Frequent updating of the background eliminates this problem.
Typical background distributions look like Figure 2.2 on the next page.
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Figure 2.2 – Normal background image for the Malvern Spraytec in the RTsizer
program
Further improvement of the data reduction can be achieved by updating the
background noise image. This is essentially the same background as before but
without the laser on. This should be updated regularly but not as often as normal
background. The laser passes through the test region, and the system collects the
diffracted light and focuses it onto a detector array consisting of 31 concentric
circles. The amount light diffracted is inversely proportional to the size of the
droplets. If the central ring intensity is less than 1500 when no spray is present,
an alignment should be performed. The alignment procedure consists of loosening
the four locking screws at the end of the detector with a small Allen wrench. The
two alignment screws adjust the position of the opening that the laser passes
through to reach the center ring. Adjust the two screws very slowly until the
center ring power increases to above 1500. Also, try to minimize the power on all
of the other rings. Usually there is a peak around ring 15, this is a defect of this
particular system.
The software has a maximum laser light transmission threshold percentage,
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below which an error message is produced and data stops being collected. This
cutoff percentage represents a decrease, based on the background profile, in laser
light transmission intensity because of the spray. Because of the low flow rates,
the reduction in laser light transmission through the sprays in this study is high,
typically in the 80% to 90% range. Therefore, the signal threshold must be lowered
for the software to recognize that a spray is present and begin collecting data. The
other important setting to note is the range of detector rings from which the signal
will be collected. Since the amount light diffracted is inversely proportional to
the size of the droplets, the rings closest to the center will capture the largest size
droplets. Taking data in close proximity to the air flame resulted in significant
beam steering, producing size distributions with an incorrectly skewed volume
percentage toward large droplets. Cutting off the data from the first 8-10 detector
rings produced almost completely eliminated this issue. However, if the beam path
is located too close to or through the flame, significant beam steering will occur
regardless of the data collection settings and the size distribution data will be
incorrectly skewed toward larger sizes. The RTSizer software also has the ability
to tag data sets, but this must be done before the data is captured or the tag will
not be written to the data file.
Once the parameters are adjusted, two methods exist to capture size distribu-
tions. First, the standard time history records and displays the size distributions
in real time. This is useful in order to verify the quality of the recorded data
after adjusting the spray or changing software parameters. However, this method
captures data points at a slow rate and is not useful to produce a distribution
containing a large number of data points in a short amount of time. Alternatively,
the RTSizer software can capture size distribution data at up to 1000 Hz in Flash
Mode. The same data is captured in this mode as in the standard time history
mode, but all of the data processing is done after the data is collected. As a
result, real time display of the droplet sizes is not possible in this mode. The two
parameters that are added in this mode are the acquisition time and duty cycle.
The acquisition time is set by the total number of data points to be captured
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and the rate of acquisition. The duty cycle sets the amount of time that signal is
actually captured during each acquisition period. The default duty cycle is 20%,
but varying this percentage up to 50% was found to produce a more consistent
droplet distribution throughout the acquisition period. Once the data has been
collected, it is useful to save both the averaged particle size distribution along
with the time history file. The time history file is saved as a .pcl file and can only
be opened with the RTSzier program. The time history files can also be exported
as a text(.txt) file with a variety of delimiters, but this file is not necessary and
contains more information than is needed for analysis. The averaged particle size
distributions can be saved as a .txt file with comma delimiters (referred to as
comma separated values, CSV), which is simple to import into Microsoft Excel.
After importing into Excel, notice that some of the columns are imported incor-
rectly offset with respect to their titles. Also, notice that the size distribution is
presented in percentages for a range of droplet diameters, not just a single value.
To easily display the data, the upper and lower values of the diameter were aver-
aged and this value was used on the X-axis of the size distribution graphs found
in Chapter 3.
2.3 Droplet Velocity Measurements
Velocity measurements were obtained using a laser sheet and high speed movies
to perform streak velocimetry. To produce the laser sheet, a WickedLaser E2
75mW lasing at 532 nm was mounted to a ring stand. The beam then was
directed through a cylindrical lens with a focal length of 119.4 mm. Images were
taken nearly parallel and perpendicular to the laser sheet. The images parallel
to the laser sheet were used to determine where in the flame that laser sheet was
positioned. The images perpendicular to the laser sheet were used to determine
the droplet velocity through particle streak velocimetry. The location of the laser
sheet and camera relative to electrospray and Malvern beam is shown in Figure 2.3
on the following page.
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Figure 2.3 – Laser sheet through the air stabilized flame
The Phantom 7.0v high speed camera and the Nikon D5100 digital camera were
used to capture droplet behavior in the flame with and without the flame luminos-
ity. To eliminate the flame luminosity, an Andover Corporation 532 1.0±0.2nm
bandpass filter was attached to the Nikon camera lenses used to capture some of
the images. The shutter speed on the D5100 was varied from 1/800 to 1/4000
seconds and the images were compared in order to find which combination of
ISO settings and shutter speed produced the clearest images of the flame and
droplets. Figure 2.4 on the next page shows the different perspectives from which
images were taken and will be referred to when discussing the images in the results
section.
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Figure 2.4 – Location of the different image perspectives
High definition movies, captured at 1920x1080 30 fps, producing a correspond-
ing per-pixel length of about 80 µm, were recorded with the same camera. Also,
high-speed movies were captured at 1000 fps with 512x600 resolution with the
Phantom v7.0. The software package ImageJ, developed by the National Insti-
tute of Health, was used to correlate the pixels to actual lengths, with the aid
of a reference grid taken at each image setting. The contrast was enhanced and
normalized across all of the frames to produce a uniform result. By comparing
consecutive frames or the length of the streaks for the longer exposure images,
velocity vectors can be determined.
2.4 Droplet Charge Measurements
The charge transfered between the charged capillary and ground plate was mea-
sured with a Keithley 6485 Picoammeter. The meter was connected in series after
the ground plate. Charge transfer was measured both with and without a flame
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present. A diagram of the system is pictured in Figure 2.5. The user manual
recommends letting the device warm up for an hour before using it for maximum
accuracy. Before taking data with this instrument, it is important to verify the
settings. Using the setup key, make sure the device is in “FACT” mode, which
corresponds to the factory device settings. Next, perform a “zero check” which
establishes a zero offset for the device. Instructions on how to accomplish this are
found in the user manual, available in the lab or online. A useful feature is the
average feature, activated by using the “AVG” key. The function keeps a rolling
average of the previous 100 data points, and helps to smooth out fluctuations in
the current measurements.
Figure 2.5 – Diagram of the spray charge measurement system
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CHAPTER 3
RESULTS
3.1 Qualitative Analysis of Bio-butanol Electrospray
Phenomenology
Similar to the observations by Chung et al.’s work [29], flame anchoring was
basically done through electrostatics and occurred at a substantial distance from
the capillary tip. In this study, the flames were observed to stabilize between
20 and 35 mm from the tip of the capillary. The flame had two distinct modes
of operation. The first was a traditional diffusion flame with one large flame
surrounding a group of vaporizing droplets, seen in Figure 3.1. This is referred to
as the “group combustion mode”. All of the images presented in this section are
also captioned with the Perspective that each image was taken, as described in
Figure 2.4. The flame fluctuated in size but was typically about 10 cm tall and 7
cm wide with a conical shape. In this mode, the droplets entered from the base
of the cone, evaporated, and burned along the exterior of the cone.
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Figure 3.1 – Group combustion spray flame (Perspective 2)
In the captured images, it was observed that the droplets were burned on the
interior of cone, and an orange flame surrounded the spray. This was a result
of a high concentration of vaporized butanol, which produced locally rich zones
of combustion and, therefore, soot. The droplets all burnt with a violet flame in
this mode, and some of the droplets were observed to penetrate through the flame
sheet without completely evaporating. Once above the flame, the luminosity of
these droplets decreased rapidly. With the use of a laser sheet, it was observed
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that these same droplets quickly disappeared above the flame, so it can be inferred
that they were vaporized in the high-temperature region above the flame.
The second mode only consisted of a collection of burning droplets, without
the orange luminous flame sheet (Figure 3.2). This is referred to as the “single
droplet combustion mode”. This mode was quite unstable and often occurred
right before extinction, with some sporadic flickering of the entire collection of
burning droplets.
Figure 3.2 – Single droplet combustion mode with laser sheet present
(Perspective 1)
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In order to improve the stability of the flame, an acrylic tube with a 5 cm
inner diameter was used to enclose the flame and protect it from the drafts of the
laboratory. With the acrylic tube in place, the flame was observed to would burn
in a combination of both group and single droplet combustion modes. Most of
the droplets were burning in the group combustion mode, but a small section of
the droplets would burn in the single droplet mode, pictured in Figure 3.3.
Figure 3.3 – Multimode combustion with laser sheet present (Perspective 1)
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With the acrylic tube in place, the flame stability was improved significantly,
and allowed for observations over a longer time period without the need for fre-
quent re-ignition. In this configuration, observations of the flame from above were
also made. From this perspective, seen in Figure 3.4, the largest section of group
combustion occurred opposite of the single droplet combustion zone. This could
be a result of the capillary geometry used for the experiment. Previous studies by
Grosse [32] have shown a strong dependence on the capillary geometry to electro-
spray shape. Because the tip geometry and surface features play a critical role in
imparting the electric field on the droplets, non-uniformity in any of these areas
could impart a different electric charge on the fluid exiting on different sides of the
capillary. This could in turn effect the size of droplets produced and the droplet
spacing, which are the main factors in determining the combustion mode of an
electrospray flame.
Figure 3.4 – View of the electrospray flame from above (Perspective 3)
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3.2 Flow Rate and Voltage Flame Dependence on Flame
Structure
Determining the dependence of butanol flow rate and applied voltage on the elec-
trospray flame structure was examined. With the flow rate set at 20 mL/hr, the
potential field was varied to 6.5, 7.0 and 7.5 kV. With the potential fixed at 6.5
kV, the butanol flow rate was varied to 10, 15, and 20 mL/hr. The spacing be-
tween the capillary tip and electric ground was fixed at 125 mm. The figures in
this section all were taken at Perspective 1, as shown in Figure 2.4 on page 21.
Using a reference grid, it was determined that each pixel corresponded 53x53 µm2
in physical space for this particular magnification. To maintain a consistent size
reference, each of the two images in Figure 3.5 below is approximately 3700 pixels
measured vertically, giving a total image size of about 19.5 cm.
 
Figure 3.5 – Electrospray flames: 20 ml/hr butanol flow rate under 6.5 kV (left)
and 7.0 kV (right) electric potentials
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Increasing the electric potential from 6.5 to 7.0 kV did not have a large effect
on the flame structure. However, there are several important points to draw
from this data. First, in both cases, not all of the injected butanol is burned in
the electrospray flame. Some of the droplets either deviate away from the flame
before reaching it or pass at a distance from the flame that prevents complete
evaporation or ignition. Depending on the initial velocity of the droplets, some
droplets may drift outside of the influence of the electric field and fall back under
the influence of gravity. The droplets that bypass the flame or pass through it
without completely evaporating or combusting could be either too far away from
the flame, or moving too quickly and pass through the high temperature region
before complete evaporation or ignition can take place. In any case, there is a
non-negligible amount of fuel that is not used for combustion and, in a combustion
application, essentially wasted. Both of these cases were intensely unsteady. The
7.0 kV spray flame was typically more stable and continued burning for a longer
period time than the 6.5 kV case.
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 Figure 3.6 – Different combustion modes for 20 mL/hr butanol flow rates and a
7.5 kV applied potential
Increasing the voltage to 7.5 kV created an even more unstable flame struc-
ture. The flame frequently alternated between the purely group combustion type
mode(left image) to combination of group and single droplet combustion (right
image), most closely resembling internal group combustion described in Section
1.2. Clearly, electrostatic control can drastically affect flame morphology.
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 Inner Cone 
Outer Cone 
Figure 3.7 – Electrospray Structure: 20m mL/hr butanol flow rate and 7.5 kV
applied potential, no flame present
Figure 3.7 shows a non-burning spray at 7.5 kV. Under this elevated voltage,
there appears to be almost a dual spray structure, that is much more pronounced
than in lower voltage cases. Increasing the exposure time to 1/80 seconds, a
narrow central core spray (red arrows) and a much broader outer spray (blue
arrows) are clearly visible. When the flame is burning in the mode shown on
the left panel in Figure 3.6, it could be primarily burning with the fuel from the
inner spray cone. The much broader flame on the right could be when the flame
is fueled from both the inner and outer spray cones. The existence of two cones
is consistent with the findings of Tang and Gomez [19], who observed what they
termed “satellite droplets” in their flames.
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 Figure 3.8 – Comparison between 10 (left), 15 (middle), 20 (right) mL/hr
butanol flow rates under a 6.5 kV potential
The effect of changing the flow rate under a constant voltage is clearly evident
in the above images. As the flow rate decreases, the flame decreases in size and
moves closer to the capillary tip. The change in combustion modes as a function
of flow rate is most likely because of an increase in the group combustion number
and changing ratio of droplet size to spacing, as described in Section 1.2. External
combustion requires a larger L/d (d=droplet diameter and L= droplet spacing,
from Equation 1.1 on page 5) ratio than single droplet combustion. The droplet
diameter should be decreasing with decreasing flow rate, but the inter-droplet
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spacing should be increasing. This makes sense because as the flow rate decreases,
the amount of charged liquid also decreases. This reduction would reduce the total
electrical force, causing the spray to disperse and a narrower spray to form. This
smaller spray would then, in turn, form a narrower flame with droplets inside the
flame envelope and closer together. Indeed, this is visible in the images of the
spray flames. The droplets in the 10 mL/hr case are hard to distinguish from one
another and closer together than the 15 and 20 mL/hr cases, where the droplets
in the flame are easily distinguished. Furthermore, the decreased fluid flow rate at
a constant voltage has been shown to produce droplets of smaller diameter [19].
Calculating the group combustion number for these sprays is highly dependent
on the number of droplets in the spray and the droplet diameter divided by the
droplet spacing. The Reynolds number of the droplets in the flow were calculated
using a 50 µm diameter, velocity of 5 m/s, and an air density and kinematic
viscosity of 0.2714 kg/m3 and 182.1*10−6 m2/s, both at at 1300 K. The temper-
ature used is an average of the adiabatic flame temperature of butanol burning
in air (2300 K) and the vaporization temperature of butanol at 101.5 kPa (391
K). Using Lewis and Schmidt numbers as 1, and nominal d/L ratio of 1/10, from
Equation 1.1, we can approximate the total number of droplets in the spray as
approximately equal to 16,000 to achieve a group combustion number of 100,
which corresponds to the electrospray burning in the group combustion. Using
the flame dimensions of 10 cm height and 7 cm for the diameter of the base, the
number of droplets/cm3 is calculated to be 125. Similarly, for a group combustion
number of 1 and 1/100 d/L, the number of droplets/cm3 is calculated to be about
4. Therefore, the electrospray flames observed in this study are operating in a
range between these two values.
High-speed visualizations of the electrospray flames also produced interesting
observations. In addition to helping characterize the velocity of the droplets,
strong evidence supporting droplet fission inside and above the electrospray flames
was also observed. Selected frames from the movies are pictured in Figures 3.9
-3.11 of flames in a 6.5 kV potential (520 V/cm) with 20 mL/hr butanol flow rate.
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These images were taken at Perspective 1, as described in Figure 2.4. Gomez et
al. [27] theorized droplet fission was a mechanism of reducing droplet size, but
did not provide photographic evidence of the phenomenon. In our visualization
data, it was occasionally observed that one droplet would be replaced by two or
three droplets slightly downstream of the first in the immediately following frame.
The parent droplet would first enlarge before separating into multiple smaller
droplets. It is conceivable that droplets would have some out of plane velocity,
i.e., moving in and out of the laser sheet, and would produce this same effect.
However, several instances of fission occurred with few other droplets around.
Furthermore, the newly formed droplets were very close together, within two
pixels of each other (yellow box in Figure 3.11 on the next page), thus supporting
the assertion that multiple droplets were produced from one larger droplet and
that these were not droplets entering the imaging plane. Figures 3.9 -3.11 provided
strong photographic indication of droplet fission.
Figure 3.9 – Fission image 1 of 3
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Figure 3.10 – Fission image 2 of 3
Figure 3.11 – Fission image 3 of 3
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3.3 Quantitative Analysis of the Electrospray Flames
In order to provide corroborating evidence of Rayleigh limit droplet fission, we
compare the charge carried by the droplet with the theoretically predicted Rayleigh
limit for droplet fission, Equation 1.2. The liquid surface tension, γB, of butanol is
23.96∗10−3 N/m [33]. As the droplet evaporated, the charge density of the droplet
increased, because the charge of the droplet primarily resided in the liquid phase.
Evaporation continued until the Rayleigh limit was surpassed, and the droplet
broke apart into smaller droplets. The following table lists the Rayleigh limit (q
in Equation 1.2) for typical droplet diameters in the butanol electrosprays of this
study. The table also lists the necessary charge per unit volume of the droplet to
produce fission because of surpassing the Rayleigh limit.
Droplet Diameter
(µm)
Rayleigh Limit
Charge (C)
Critical droplet charge
density (C/m3)
10 1.29E-13 247.18
20 3.66E-13 87.39
30 6.73E-13 47.57
40 1.04E-12 30.90
50 1.45E-12 22.11
60 1.90E-12 16.82
70 2.40E-12 13.35
80 2.93E-12 10.92
90 3.49E-12 9.15
100 4.09E-12 7.82
Table 3.1 – Rayleigh limit of butanol for several droplet diameters
To compute the critical droplet diameter specified by the Rayleigh criterion,
measurements of the charge transfered to the spray were also taken at the same
spray settings as the high speed movies, which were 20 ml/hr and 6.5 kV potential.
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Without the flame present, the charge transfered by the spray was measured to
be 0.12 µA. When a flame was present, the charge transfered by the spray was
measured to be about 0.35 µA. The charge transfered with the flame is much
higher than the charge transfered without the flame, because the flame releases
electrons when it burns. Therefore, the charge transfer data with out the flame
present was used to compute the droplet charge density, and therefore the critical
diameter. With the above information, and given the known butanol volume flow
rate of 20 mL/hr, the charge imparted to the butanol was found to be 21.6 C/m3.
For this charge density, the critical droplet diameter was approximately 51 µm.
Droplets larger than this are unstable according to the Rayleigh criterion. This
size corresponds to a droplet volume of 6.95E-8 mL.
3.4 Droplet Streak Velocimetry
The scope of the results here is not to provide a full velocity distribution of the
droplets in the electrospray, but to reveal the presence of fast moving droplets
in these electrosprays. Detailed processing of the high speed movies will be con-
ducted as this work continues. To obtain velocity information, a series of high
speed movies were captured, with the intent to follow particles from frame to
frame and to produce a velocity measurement. The exposure time of the camera
(1200 frames/second) was sufficiently large, so that the fastest moving droplets in
the frame appeared as streaks rather than individual points, thus allowing streak
velocimetry measurements to be calculated. Velocity measurements were obtained
at a plane close to the center of the spray cone, described in Figure 3.12 on the
following page.
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Figure 3.12 – View of flame nearly parallel to the laser sheet,
The data revealed a broad distribution of velocities, ranging from 5 m/s to stag-
nant or small values of negative velocities along the spray axis, indicating droplets
that fall back toward the capillary. The droplet velocities measured in this study
are similar to the velocities measured in similar sprays studied by Agathou [13].
Droplets that disappeared from the image sequence may have simply moved out of
the plane, or could have stopped burning. Fastest moving droplets were typically
found in the center of the spray. These fast moving droplets were only visible in
the upper region of the spray, as seen in Figure 3.13 on the next page. The streaks
enclosed by red circles are representative of the fastest droplets observed in the
spray. Error in the velocity data is attributed to the relatively low resolution
of the high-speed camera and the high frame rate of the movies. An error of 1
pixel in the length of the streak corresponded to an error of 0.425 m/s in speed.
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This error is significant if a particle is traced from frame to frame; however, using
particle streak velocimetry on the fastest moving particles minimizes this error.
Zooming in closely on the streaks allows for accurate distance measurements, and
minimizes the error, especially with the higher velocity particles. Thus, this tech-
nique and measurement method proved adequate for capturing images of high
speed droplets and relating the length of the streaks to the droplet velocity.
 
Figure 3.13 – Sample frame used to evaluate droplet velocities in the flame
3.5 Droplet Size Analysis
Droplet size distributions were obtained for a range of flow rate and voltage com-
binations. To evaluate the effect of butanol flow on droplet diameter, 10, 15 and
20 mL/hr butanol flow rates were evaluated under a constant voltage setting of
6.5kV and capillary to ground spacing of 125 mm, corresponding to a potential of
520 V/cm, for both non-combusting and combusting cases, seen in Figures 3.14
and 3.15, respectively. The same figures, but with droplet volume on the abscissa
are provided in the Appendix. The laser beam of the Malvern instrument passed
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through the spray 15 mm above the tip of the capillary for all three tests, and at
least six trials were run at each configuration. The volume percentages for each
droplet diameter from each of the six trials was averaged and are presented graph-
ically in this section. The complete numeric data sets along with the standard
deviations between the six trials can be found in the Appendix and as error bars
on the graphs in this section. The abscissa in the size distributions figures is the
average between the lower and upper values of each particular size bin recorded by
the Malvern instrument. Detailed information about the size bins can be found
in Table A.1 on page 52 in the Appendix.
The standard deviation between some of the corresponding data points from
the multiple trials recorded at each spray configuration are quite large, especially
in the combusting cases. This is more of a reflection of the unstable nature of
the flames, rather than the randomness of the data. Under some operating condi-
tions, flames would often extinguish every five to ten seconds, making long data
acquisition periods not possible. Furthermore, the position and size of the flame
was changing throughout the data acquisition period, which can significantly al-
ter the droplet size distributions. In addition to altering the flow rate or voltage,
the location in the spray where the distribution was obtained was also changed.
In the tests in which the effect of flow rate on droplet diameter was evaluated,
data was taken 15 mm above the capillary tip, while in the voltage dependence
comparison, data was taken 25 mm from the capillary tip. The flow rate compar-
ison had to be conducted closer to the capillary tip, because the laser would have
passed through the flame during the flow rate tests. This would have “steered”
the beam significantly and produced incorrect size distributions.
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Figure 3.14 – Droplet size distribution on butanol flow rate, no combustion, 6.5
kV
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Figure 3.15 – Droplet size distribution on butanol flow rate, during combustion,
6.5 kV
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The above tests were all conducted at 6.5 kV. These two graphs reveal interest-
ing effects of varying the butanol flow rate in a constant applied voltage. First,
all three of the flow rates share similar distributions. It is interesting that 15
mL/hr had sharper peaks than both the 10 mL/hr and 20 mL/hr flow rate cases.
This most likely indicates a change in the electrospray mode between 15 mL/hr
and 10 mL/hr to more random spraying rather than a Taylor cone spray mode.
The results of the non-combusting case differ from the findings of Gomez et al.
[19]. The sprays that they studied were practically monodisperse, whereas the
sprays studied here are clearly bi-modal. Increasing the voltage in this study [19]
reduced the droplet diameter. Similar trends were observed in our results with
large droplets, but the peaks of smaller droplets remained unchanged. This dif-
ference in the data can be rationalized through the experimental technique used
to obtain the droplet size results. The results of Agathou and Kyritsis [12, 13] did
produce much broader size distributions of smaller sized droplets than the results
of Gomez et al., but also did not capture the peaks of droplets larger than 100
µm. The studies of [12, 13, 19] used Phase Doppler Anemometry (PDA), which
gathered data from a small region of the spray, while the Mie-scattering technique
used here gathered data across the line of view. Furthermore, the PDA system
reported results in terms of number of droplets with a particular size, while the
technique used here compares droplet diameters based on the percentage spray
volume over which data was collected. This difference would clearly amplify the
peaks of larger droplet diameters.
Differences between the combusting and non-combusting cases were even more
evident. In all three cases, the sharp peak between 30 and 40 µm was spread
between about 10 and 40 µm. The large peak between 250 and 300 µm remains
relatively unchanged between the three flow rates. This is most likely a result of
the dependence on droplet velocity to droplet size, i.e., in previous studies, the
fastest droplets in the spray were observed to have the largest diameters in the
spray [26]. Therefore, the largest droplets in the sprays would have the shortest
residence time in the high temperature region near the bottom of the flame, and
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would experience the least amount of evaporation. The broadening of size dis-
tribution for smaller droplets matched the trends to the results of electrospray
combustion studied by Gomez [26]. However, as in the non-combusting case, his
results fail to capture the distribution of large droplets seen in all of the size
distributions.
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Figure 3.16 – Droplet size dependence on voltage, no combustion, 20 mL/hr
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Figure 3.17 – Droplet size dependence on voltage, during combustion, 20 mL/hr
The above tests were conducted at a butanol flow rate of 20 mL/hr. The
droplet diameter dependence on the applied voltage is shown in Figures 3.16
and 3.17. First, all of the sprays have peaks around the same diameter values,
with the main difference being the amplitude of the peaks. Without a flame
present, increasing the applied voltage tended to increase the peak between 40 and
50 µm and decrease the peaks between 100 and 300 µm. This can be rationalized
in terms of the Rayleigh limit. Increasing the voltage applied to the spray will
increase the charge per unit volume to the droplets and therefore, the likelihood
that large droplets will undergo Rayleigh-limit-induced fission. Because of the
non-uniformity of the capillary tip and therefore the non-uniform charging of the
fluid. Not all of the large droplets will carry sufficient charge to undergo such
fission, so a peak of larger diameter droplets was present at all of the voltage
levels. Comparing these results to the previous work of Gomez et al. [19] revealed
significant, but reasonable differences. The results of Gomez et al. [19] related to
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a monodisperse spray, whereas the sprays studied here are clearly bi-modal. For
droplet sizes smaller than 100 µm, the results between the two studies showed
similar trends. As flow rate increases, the peaks of the distributions of smaller
droplets shifted towards smaller diameters.
With a flame present (figure 3.17, the narrow peak between 40 and 50 µm is
significantly broadened to a range from 15 to 60 µm droplet diameters, while
for the 6.5 and 7.0 kV cases, the peak of droplet diameters larger than 100 µm
is greatly reduced. This can be attributed to an increased evaporation rate be-
cause of the droplets proximity to the high temperature region of the flame. As
the droplets evaporate, the charge per unit volume will increase, leading some to
undergo Rayleigh limit fission, further broadening the droplet diameter distribu-
tion. One anomaly is the 7.5 kV case, which retains the percentage of droplets
between 100 and 200 µm in size. This is mostly likely a result of the two differ-
ent flame modes present at this voltage setting, described in Section 3.1. When
the flame primarily burns in the group combustion mode, the width of the flame
decreases and so does the droplet spacing. The increased droplet number density
inside the spray cone would partially shield the droplets from the outer flame
and the high temperature region, thus decreasing the evaporation rate. Another
explanation could be a result of the measurement method. The Malvern beam
integrates across the entire path length, not just at one point in the spray. These
larger droplet diameter measurements could also be a result of the measurement
of droplets that escaped the electric field and are fell back under gravity.
The data reveal two important characteristics of the burning electrosprays.
First, large droplets (>100 µm) are not all completely vaporized by the time they
reach the flame. Second, from data presented in Section 3.5, droplets moving at
high speed (>5 m/s) exist in the spray. With these two pieces of information, and
the fact that larger droplets tend to be the faster moving ones, a residence time
in the flame for total droplet evaporation can be established [27]. Specifically, the
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droplet vaporization time is equal to:
tD =
D20
K
(3.1)
Where D0 is the initial droplet diameter and tD is the droplet evaporation time
[34]. The evaporation constant, K, is equal to:
K =
dD2
dt
=
8kg
ρC4H10O ∗ Cpg
∗ ln(Bq + 1) (3.2)
ρ is the density of the liquid and Cpg is the specific heat of the vapor. For
butanol, where ρ= 810 kg/m3 and Cpg=3794 J/(kg*K). kg is an average thermal
conductivity of the gas suggested [34]. Bq is a dimensionless quantity referred to
as the Spalding or transfer number. The subscript “q” refers to fact that, in this
case, B is based on heat-transfer considerations alone:
Bq =
q + Cpg ∗ (T∞ − Tboil)
∆Hfg
(3.3)
Where Cpg is an averaged specific heat for the medium [34], T∞ is the adiabatic
flame temperature for a butanol-air flame, Tboil is the boiling temperature for
butanol at 1 atm, 391 K. ∆Hfg is the heat of vaporization of the droplet, and
in this case equals 689.2 kJ/kg. In this case, the surrounding environment, T∞,
has been heated by the combustion of the butanol vapor with air. Therefore, the
adiabatic flame temperature of a butanol air flame was used (2300 K).
kg = 0.4 ∗ kC4H10O + 0.6 ∗ kAir (3.4)
Where the kC4H10O = 0.0768
W
mK
and kAir = 0.0865
W
mK
at1350k, which is the
average of the adiabatic flame temperature of n-butanol burning in air (2300 K)
and the vaporization temperature of butanol at 101.5 kPa (391 K).
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The results of this calculation show that the distance needed for the droplet
with velocity of 5 m/s and diameter of 100 µm to completely evaporate was
approximately 10.2 cm. This distance is close to the average flame height, which
was observed to fluctuate by lengths on the order of 1 cm. When the flame is
shorter, and/or the droplet is bigger, and/or is moving faster, conditions exist that
allow for the droplet to pass through the flame before complete evaporation, as
shown in Figure 3.3. Much larger droplet diameters were observed in all flow rate
and voltage combinations tested, so these are most likely the droplets that were
observed to pass through the flame. This analysis provides a plausible explanation
of the observations of droplets passing though the burning electrospray before
completely evaporating.
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CHAPTER 4
SUMMARY, CONCLUSIONS, AND
RECOMMENDATIONS FOR FUTURE WORK
4.1 Overview of Results and Conclusions
In this study, the characteristics of a 1-butanol spray flame stabilized exclusively
through the action of electrostatic forces was examined. Both high resolution
still images and high speed movies were captured of the electrospray flame. The
effect of voltage and flow rate on the spray flames was also evaluated. Under a
constant 6.5 kV potential voltage (corresponding to an average field intensity of
520 V/cm), 10, 15 and 20 mL/hr butanol flow rates were burned. The mode of
combustion also shifts from sheath combustion to a combination of external and
internal group combustion, as the flow rate increased. With the flow rate fixed
at 20 mL/hr, 6.5, 7.0, and 7.5 kV voltages were tested (corresponding to 520,
560, and 600 V/cm). Other than the 7.0 kV flame being somewhat more stable
than the 6.5 kV, the two cases did not display many differences between. One
interesting similarity was the spray formations when a flame was present. In all
cases, some of the butanol droplets did not reach the flame and bypassed it, while
others crossed through the flame. The 7.5 kV case did present substantial differ-
ences from the two previous cases. The spray flame frequently shifted between an
external/sheath group combustion to an internal group combustion mode. This
result was rationalized by considering electrospray structure. Two spray cones,
one inside of the other, were visible in the non-combusting images of the spray.
During combustion, the flame could be alternating between burning only on the
inner dense cone, resulting in external group combustion, or expanding to burn
on both cones, resulting in internal group combustion.
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In all of the cases tested, the spray burned in a non-uniform flame. This is
most likely a result of non-uniform charging of butanol in the capillary because of
irregularities in the capillary geometry. Photographic evidence of droplet fission
in the combusting sprays was also captured. In several sets of sequential frames
captured with the high speed camera, some droplets were observed to expand and
break apart into smaller droplets.
Quantitative measurements of the butanol electrosprays and electrospray flames
were also performed. To validate our visual findings of Rayleigh-limit-induced
droplet fission, droplet charge measurements were taken at the same spray con-
ditions as in the high speed movies. At an average electric field intensity of 520
V/cm and mass flow rate of 20 mL/hr, the spray was measured to carry a current
equal to 0.12 µA, which corresponded to a volume charge of 21.6 C/m3 of butanol.
This value was used to compute a critical droplet diameter of 51 µm, meaning
that droplets above this size with this charge are likely to undergo Rayleigh limit
fission. Droplet size measurements were collected using a Malvern Spraytec, which
utilizes Mie-scattering. Droplet size distributions were measured at the same set
of conditions as for the flame phenomenology data, both with and without a flame.
All of the distributions displayed similar bi-modal behavior. Increasing the flow
rate did not alter the location of the peaks of the size distributions significantly,
but the 10 mL/hr spray had a much smaller percentage of droplets larger than
100 µm as compared to sprays with the larger flow rates. The size distribution
peaks became sharper with increasing voltage. With the flame present, the dis-
tributions became broader for diameters less than 100 µm. When flow rate varied
with constant voltage, the percentage of the larger droplets with diameters larger
than 100 µm decreased slightly. The varying voltage case presented more inter-
esting results. Both the 6.5 and 7.0 kV cases displayed similar trends to each
other; however, the 7.5 kV displayed interesting trends when a flame was present.
The percentage of droplets larger than 100 µm increased in the combusting spray
compared to the non-reacting case. This could be a result of the alternating flame
structure of the observed. When the spray burned in a sheath combustion mode,
49
the decreased droplet spacing shielded the droplets in the interior of the spray
cone from the heat of combustion, and therefore reduced the evaporation rate.
Evaporation times were calculated using a simple droplet evaporation model.
For a 100 µm droplet moving at 5 m/s (which was an observed droplet speed), the
distance the droplet would need to fully evaporate is 10.2 cm. The flames observed
in this case were about 10 cm in height, so it is plausible that droplets larger than
this could pass through the flame. Droplet charge data were also recorded at
20 mL/hr and 6.5 kV potential, and was used to help validate the observations
of droplet fission because of the Rayleigh limit. The current was measured for
a non-combusting spray and was found to be 0.12 µA, which corresponded to
21.6 C/m3. The critical droplet diameter corresponding to this charge density
was found to be 51 µm. The smaller peaks of the droplet distribution were typi-
cally centered between 40 and 50 µm. Therefore, the calculated critical Rayleigh
diameter corresponded very well to the peak in the measured droplet distribu-
tions, which indicated that many of the droplets larger than 50 µm in diameter
underwent fission.
4.2 Future Work
While this study revealed many interesting facts about electrospray flames, many
other questions remained unanswered. While droplet size and velocity information
was obtained in this study, there were limitations to the techniques used to obtain
this data. First, the velocity data obtained was very limited. Because of the shear
number of droplets imaged in every frame of the high speed movie, obtaining a
velocity distribution manually was not practical. Furthermore, because of the
limited resolution of the images, the error from miscounting the number of pixels
in the streaks was quite large. A technique like Particle Image Velocimetry (PIV)
is much better suited for this task.
In addition to calculating the full flow field velocity with PIV, Phase Doppler
Anemometry (PDA) should also be conducted on the electrospray. PDA has
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the capability of determining the droplet size and velocity of droplets in a small
volume of the spray. Unlike the Mie-scattering technique used in this study, which
provides a droplet size distribution across the entire spray, PDA can provide
spatially resolved droplet diameter and velocity information. This data can be
compared to the Mie-scattering data from this study to determine where in the
spray the previously observed droplet diameters observed actually are in the spray.
This technique will be especially useful in sprays where two different spray cones
are visible, such as the 7.5 kV potential 20 ml/hr case.
Finally, charge data and high speed movies should be collected for more com-
binations of voltage settings and flow rates. Because of equipment availability
and malfunctions, this data was not available for this study. However, for future
work, the time constraints that were a limiting factor in this study will not be an
issue. This new data should be analyzed for further evidence of Rayleigh induced
droplet fission.
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APPENDIX A
DROPLET SIZE DATA
The following table relates the diameter values used in the size distribution graphs presented
in this study, to the droplet diameter range bins that the RTSizer software originally used to
display the volume percentages.
Table A.1 – Diameter averages between the upper and lower range bins
Upper
Diameter
(µm)
Lower
Diameter
(µm)
Average
Diameter
(µm)
Upper
Diameter
(µm)
Lower
Diameter
(µm)
Average
Diameter
(µm)
0.117 0.100 0.108 11.659 10.000 10.830
0.136 0.117 0.126 13.594 11.659 12.626
0.159 0.136 0.147 15.849 13.594 14.721
0.185 0.159 0.172 18.479 15.849 17.164
0.215 0.185 0.200 21.544 18.479 20.011
0.251 0.215 0.233 25.119 21.544 23.332
0.293 0.251 0.272 29.286 25.119 27.203
0.342 0.293 0.317 34.146 29.286 31.716
0.398 0.342 0.370 39.811 34.146 36.978
0.464 0.398 0.431 46.416 39.811 43.113
0.541 0.464 0.503 54.117 46.416 50.266
0.631 0.541 0.586 63.096 54.117 58.606
0.736 0.631 0.683 73.564 63.096 68.330
0.858 0.736 0.797 85.770 73.564 79.667
1.000 0.858 0.929 100.000 85.770 92.885
1.166 1.000 1.083 116.591 100.000 108.296
1.359 1.166 1.263 135.936 116.591 126.264
1.585 1.359 1.472 158.489 135.936 147.212
1.848 1.585 1.716 184.785 158.489 171.637
2.154 1.848 2.001 215.444 184.785 200.114
2.512 2.154 2.333 251.189 215.444 233.316
2.929 2.512 2.720 292.865 251.189 272.027
3.415 2.929 3.172 341.455 292.865 317.160
3.981 3.415 3.698 398.107 341.455 369.781
4.642 3.981 4.311 464.159 398.107 431.133
5.412 4.642 5.027 541.170 464.159 502.664
6.310 5.412 5.861 630.957 541.170 586.063
7.356 6.310 6.833 735.642 630.957 683.300
8.577 7.356 7.967 857.696 735.642 796.669
10.000 8.577 9.289 1000.000 857.696 928.848
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The following tables present all of the droplet size distribution data with their
corresponding volume percentages and standard deviation at each diameter.
Table A.2 – 7.5kV, 20 mL/hr, 25mm from capillary tip, with flame present
Diameter
(µm)
Volume %
Standard
Deviation
Diameter
(µm)
Volume %
Standard
Deviation
0.108 0.00% 0.00% 10.830 0.22% 0.13%
0.126 0.00% 0.00% 12.626 0.31% 0.15%
0.147 0.00% 0.00% 14.721 0.42% 0.15%
0.172 0.00% 0.00% 17.164 0.61% 0.17%
0.200 0.00% 0.00% 20.011 0.97% 0.33%
0.233 0.00% 0.00% 23.332 1.49% 0.64%
0.272 0.00% 0.00% 27.203 2.15% 0.91%
0.317 0.00% 0.00% 31.716 3.01% 0.96%
0.370 0.00% 0.00% 36.978 6.37% 1.98%
0.431 0.01% 0.01% 43.113 8.40% 1.92%
0.503 0.01% 0.01% 50.266 3.39% 0.56%
0.586 0.01% 0.01% 58.606 1.14% 0.41%
0.683 0.00% 0.00% 68.330 0.70% 0.35%
0.797 0.01% 0.01% 79.667 0.83% 0.40%
0.929 0.01% 0.01% 92.885 1.85% 0.58%
1.083 0.00% 0.00% 108.296 7.25% 1.24%
1.263 0.01% 0.01% 126.264 19.55% 4.54%
1.472 0.01% 0.01% 147.212 11.77% 2.02%
1.716 0.01% 0.01% 171.637 7.90% 5.67%
2.001 0.01% 0.01% 200.114 9.48% 8.66%
2.333 0.01% 0.01% 233.316 6.43% 6.87%
2.720 0.02% 0.02% 272.027 4.82% 5.16%
3.172 0.02% 0.02% 317.160 0.28% 0.32%
3.698 0.03% 0.03% 369.781 0.00% 0.00%
4.311 0.04% 0.03% 431.133 0.00% 0.00%
5.027 0.05% 0.04% 502.664 0.00% 0.00%
5.861 0.06% 0.05% 586.063 0.00% 0.00%
6.833 0.09% 0.07% 683.300 0.00% 0.00%
7.967 0.11% 0.08% 796.669 0.00% 0.00%
9.289 0.16% 0.11% 928.848 0.00% 0.00%
53
Table A.3 – 7.5kV, 20 mL/hr, 25mm from capillary tip, with no flame present
Diameter
(µm)
Volume %
Standard
Deviation
Diameter
(µm)
Volume %
Standard
Deviation
0.108 0.00% 0.00% 10.830 0.20% 0.03%
0.126 0.00% 0.00% 12.626 0.28% 0.04%
0.147 0.00% 0.00% 14.721 0.32% 0.08%
0.172 0.00% 0.00% 17.164 0.32% 0.08%
0.200 0.00% 0.00% 20.011 0.28% 0.08%
0.233 0.00% 0.00% 23.332 0.15% 0.04%
0.272 0.00% 0.00% 27.203 0.15% 0.04%
0.317 0.00% 0.00% 31.716 1.38% 0.54%
0.370 0.00% 0.00% 36.978 25.66% 2.02%
0.431 0.00% 0.00% 43.113 35.96% 7.55%
0.503 0.01% 0.01% 50.266 1.18% 0.27%
0.586 0.00% 0.00% 58.606 0.02% 0.01%
0.683 0.00% 0.00% 68.330 0.00% 0.00%
0.797 0.00% 0.00% 79.667 0.00% 0.00%
0.929 0.00% 0.00% 92.885 0.00% 0.00%
1.083 0.00% 0.00% 108.296 0.00% 0.00%
1.263 0.00% 0.00% 126.264 0.04% 0.06%
1.472 0.00% 0.00% 147.212 1.38% 0.57%
1.716 0.01% 0.01% 171.637 10.43% 5.45%
2.001 0.01% 0.00% 200.114 2.96% 2.76%
2.333 0.01% 0.00% 233.316 3.85% 1.77%
2.720 0.01% 0.00% 272.027 12.77% 2.67%
3.172 0.02% 0.01% 317.160 1.84% 1.01%
3.698 0.02% 0.01% 369.781 0.27% 0.24%
4.311 0.03% 0.02% 431.133 0.01% 0.02%
5.027 0.04% 0.02% 502.664 0.00% 0.00%
5.861 0.06% 0.02% 586.063 0.00% 0.00%
6.833 0.08% 0.03% 683.300 0.00% 0.00%
7.967 0.10% 0.03% 796.669 0.00% 0.00%
9.289 0.16% 0.03% 928.848 0.00% 0.00%
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Table A.4 – 6.5kV, 20 mL/hr, 15mm from capillary tip, with flame present
Diameter
(µm)
Volume %
Standard
Deviation
Diameter
(µm)
Volume %
Standard
Deviation
0.108 0.00% 0.00% 10.830 0.13% 0.05%
0.126 0.00% 0.00% 12.626 0.39% 0.14%
0.147 0.00% 0.00% 14.721 1.30% 0.45%
0.172 0.00% 0.00% 17.164 4.17% 1.40%
0.200 0.00% 0.00% 20.011 7.59% 2.28%
0.233 0.00% 0.00% 23.332 5.88% 1.20%
0.272 0.00% 0.00% 27.203 4.21% 0.74%
0.317 0.00% 0.00% 31.716 4.74% 0.89%
0.370 0.00% 0.00% 36.978 9.10% 2.58%
0.431 0.00% 0.00% 43.113 12.14% 2.20%
0.503 0.00% 0.00% 50.266 6.09% 3.45%
0.586 0.00% 0.00% 58.606 1.82% 1.50%
0.683 0.00% 0.00% 68.330 0.47% 0.37%
0.797 0.00% 0.00% 79.667 0.16% 0.13%
0.929 0.00% 0.00% 92.885 0.10% 0.08%
1.083 0.00% 0.00% 108.296 0.14% 0.13%
1.263 0.00% 0.00% 126.264 0.36% 0.31%
1.472 0.00% 0.00% 147.212 1.75% 1.62%
1.716 0.00% 0.00% 171.637 5.34% 7.04%
2.001 0.00% 0.00% 200.114 4.75% 3.99%
2.333 0.00% 0.00% 233.316 6.91% 3.58%
2.720 0.00% 0.00% 272.027 16.64% 8.52%
3.172 0.00% 0.00% 317.160 5.44% 3.58%
3.698 0.00% 0.00% 369.781 0.30% 0.21%
4.311 0.00% 0.00% 431.133 0.00% 0.00%
5.027 0.00% 0.00% 502.664 0.00% 0.00%
5.861 0.01% 0.00% 586.063 0.00% 0.00%
6.833 0.01% 0.01% 683.300 0.00% 0.00%
7.967 0.03% 0.01% 796.669 0.00% 0.00%
9.289 0.05% 0.02% 928.848 0.00% 0.00%
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Table A.5 – 6.5kV, 20 mL/hr, 15mm from capillary tip, with no flame present
Diameter
(µm)
Volume %
Standard
Deviation
Diameter
(µm)
Volume %
Standard
Deviation
0.108 0.00% 0.00% 10.830 0.02% 0.02%
0.126 0.00% 0.00% 12.626 0.05% 0.05%
0.147 0.00% 0.00% 14.721 0.12% 0.15%
0.172 0.00% 0.00% 17.164 0.30% 0.50%
0.200 0.00% 0.00% 20.011 0.51% 0.80%
0.233 0.00% 0.00% 23.332 0.40% 0.40%
0.272 0.00% 0.00% 27.203 0.26% 0.24%
0.317 0.00% 0.00% 31.716 0.91% 0.32%
0.370 0.00% 0.00% 36.978 8.16% 3.76%
0.431 0.00% 0.00% 43.113 25.81% 11.02%
0.503 0.01% 0.01% 50.266 11.51% 7.52%
0.586 0.00% 0.00% 58.606 2.39% 2.37%
0.683 0.00% 0.00% 68.330 0.46% 0.52%
0.797 0.00% 0.00% 79.667 0.12% 0.12%
0.929 0.00% 0.00% 92.885 0.05% 0.05%
1.083 0.00% 0.00% 108.296 0.05% 0.05%
1.263 0.00% 0.00% 126.264 0.23% 0.05%
1.472 0.00% 0.00% 147.212 2.24% 1.29%
1.716 0.00% 0.00% 171.637 6.19% 4.27%
2.001 0.00% 0.00% 200.114 4.28% 3.78%
2.333 0.00% 0.00% 233.316 5.70% 4.12%
2.720 0.00% 0.00% 272.027 18.39% 5.67%
3.172 0.00% 0.00% 317.160 2.72% 0.78%
3.698 0.00% 0.00% 369.781 0.11% 0.06%
4.311 0.01% 0.00% 431.133 0.00% 0.00%
5.027 0.01% 0.00% 502.664 0.00% 0.00%
5.861 0.01% 0.01% 586.063 0.00% 0.00%
6.833 0.01% 0.01% 683.300 0.00% 0.00%
7.967 0.01% 0.01% 796.669 0.00% 0.00%
9.289 0.02% 0.01% 928.848 0.00% 0.00%
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Table A.6 – 6.5kV, 20 mL/hr, 25mm from capillary tip, with flame present
Diameter
(µm)
Volume %
Standard
Deviation
Diameter
(µm)
Volume %
Standard
Deviation
0.108 0.00% 0.00% 10.830 0.04% 0.02%
0.126 0.00% 0.00% 12.626 0.11% 0.06%
0.147 0.00% 0.00% 14.721 0.35% 0.15%
0.172 0.00% 0.00% 17.164 1.28% 0.43%
0.200 0.00% 0.00% 20.011 4.04% 0.98%
0.233 0.00% 0.00% 23.332 7.44% 1.22%
0.272 0.00% 0.00% 27.203 8.24% 1.05%
0.317 0.00% 0.00% 31.716 7.53% 0.37%
0.370 0.00% 0.00% 36.978 8.92% 0.74%
0.431 0.00% 0.00% 43.113 11.72% 1.30%
0.503 0.00% 0.00% 50.266 11.24% 0.90%
0.586 0.00% 0.00% 58.606 6.36% 0.54%
0.683 0.00% 0.00% 68.330 2.63% 0.34%
0.797 0.00% 0.00% 79.667 1.13% 0.23%
0.929 0.00% 0.00% 92.885 0.75% 0.23%
1.083 0.00% 0.00% 108.296 0.98% 0.39%
1.263 0.00% 0.00% 126.264 2.04% 0.92%
1.472 0.00% 0.00% 147.212 3.22% 1.42%
1.716 0.00% 0.00% 171.637 3.26% 1.54%
2.001 0.00% 0.00% 200.114 2.95% 1.08%
2.333 0.00% 0.00% 233.316 4.92% 0.77%
2.720 0.00% 0.00% 272.027 10.23% 4.93%
3.172 0.00% 0.00% 317.160 0.61% 0.30%
3.698 0.00% 0.00% 369.781 0.00% 0.00%
4.311 0.00% 0.00% 431.133 0.00% 0.00%
5.027 0.00% 0.00% 502.664 0.00% 0.00%
5.861 0.00% 0.00% 586.063 0.00% 0.00%
6.833 0.00% 0.00% 683.300 0.00% 0.00%
7.967 0.01% 0.01% 796.669 0.00% 0.00%
9.289 0.01% 0.01% 928.848 0.00% 0.00%
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Table A.7 – 6.5kV, 20 mL/hr, 25mm from capillary tip, with no flame present
Diameter
(µm)
Volume %
Standard
Deviation
Diameter
(µm)
Volume %
Standard
Deviation
0.108 0.00% 0.00% 10.830 0.01% 0.01%
0.126 0.00% 0.00% 12.626 0.02% 0.02%
0.147 0.00% 0.00% 14.721 0.03% 0.04%
0.172 0.00% 0.00% 17.164 0.05% 0.06%
0.200 0.00% 0.00% 20.011 0.11% 0.12%
0.233 0.00% 0.00% 23.332 0.31% 0.25%
0.272 0.00% 0.00% 27.203 1.12% 0.58%
0.317 0.00% 0.00% 31.716 3.59% 0.37%
0.370 0.01% 0.01% 36.978 10.36% 1.29%
0.431 0.01% 0.01% 43.113 15.46% 0.92%
0.503 0.01% 0.02% 50.266 7.17% 1.61%
0.586 0.01% 0.01% 58.606 1.27% 0.64%
0.683 0.00% 0.00% 68.330 0.21% 0.17%
0.797 0.00% 0.00% 79.667 0.06% 0.06%
0.929 0.01% 0.01% 92.885 0.04% 0.03%
1.083 0.00% 0.00% 108.296 0.08% 0.05%
1.263 0.00% 0.00% 126.264 0.61% 0.24%
1.472 0.00% 0.00% 147.212 6.61% 1.83%
1.716 0.00% 0.00% 171.637 16.15% 3.52%
2.001 0.00% 0.00% 200.114 13.18% 2.19%
2.333 0.00% 0.00% 233.316 8.25% 1.25%
2.720 0.00% 0.00% 272.027 14.02% 6.53%
3.172 0.00% 0.00% 317.160 1.19% 0.35%
3.698 0.00% 0.00% 369.781 0.03% 0.02%
4.311 0.00% 0.00% 431.133 0.00% 0.00%
5.027 0.00% 0.00% 502.664 0.00% 0.00%
5.861 0.00% 0.00% 586.063 0.00% 0.00%
6.833 0.01% 0.01% 683.300 0.00% 0.00%
7.967 0.01% 0.01% 796.669 0.00% 0.00%
9.289 0.01% 0.01% 928.848 0.00% 0.00%
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Table A.8 – 6.5kV, 15 mL/hr, 15mm from capillary tip, with flame present
Diameter
(µm)
Volume %
Standard
Deviation
Diameter
(µm)
Volume %
Standard
Deviation
0.108 0.00% 0.00% 10.830 0.89% 0.20%
0.126 0.00% 0.00% 12.626 1.77% 0.38%
0.147 0.00% 0.00% 14.721 3.26% 0.61%
0.172 0.00% 0.00% 17.164 5.17% 0.85%
0.200 0.00% 0.00% 20.011 5.84% 0.86%
0.233 0.00% 0.00% 23.332 5.13% 0.49%
0.272 0.00% 0.00% 27.203 5.34% 0.46%
0.317 0.00% 0.00% 31.716 6.96% 0.71%
0.370 0.00% 0.00% 36.978 9.83% 0.84%
0.431 0.01% 0.00% 43.113 8.49% 0.39%
0.503 0.01% 0.01% 50.266 4.78% 0.58%
0.586 0.01% 0.00% 58.606 2.53% 0.65%
0.683 0.00% 0.00% 68.330 1.30% 0.48%
0.797 0.01% 0.00% 79.667 0.70% 0.30%
0.929 0.01% 0.01% 92.885 0.49% 0.17%
1.083 0.01% 0.00% 108.296 0.67% 0.23%
1.263 0.01% 0.00% 126.264 1.37% 0.55%
1.472 0.01% 0.00% 147.212 1.47% 0.46%
1.716 0.02% 0.00% 171.637 1.21% 0.47%
2.001 0.02% 0.01% 200.114 1.47% 0.44%
2.333 0.02% 0.01% 233.316 4.79% 0.94%
2.720 0.03% 0.01% 272.027 19.66% 1.72%
3.172 0.04% 0.01% 317.160 4.62% 0.97%
3.698 0.05% 0.01% 369.781 0.70% 1.05%
4.311 0.08% 0.02% 431.133 0.03% 0.07%
5.027 0.10% 0.03% 502.664 0.00% 0.00%
5.861 0.13% 0.03% 586.063 0.00% 0.00%
6.833 0.20% 0.05% 683.300 0.00% 0.00%
7.967 0.28% 0.07% 796.669 0.00% 0.00%
9.289 0.51% 0.12% 928.848 0.00% 0.00%
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Table A.9 – 6.5kV, 15 mL/hr, 25mm from capillary tip, with no flame present
Diameter
(µm)
Volume %
Standard
Deviation
Diameter
(µm)
Volume %
Standard
Deviation
0.108 0.00% 0.00% 10.830 0.10% 0.02%
0.126 0.00% 0.00% 12.626 0.15% 0.05%
0.147 0.00% 0.00% 14.721 0.21% 0.09%
0.172 0.00% 0.00% 17.164 0.26% 0.13%
0.200 0.00% 0.00% 20.011 0.32% 0.16%
0.233 0.00% 0.00% 23.332 0.37% 0.14%
0.272 0.00% 0.00% 27.203 0.44% 0.11%
0.317 0.00% 0.00% 31.716 1.52% 0.36%
0.370 0.01% 0.01% 36.978 12.54% 3.24%
0.431 0.01% 0.01% 43.113 30.87% 6.05%
0.503 0.01% 0.01% 50.266 9.61% 5.85%
0.586 0.01% 0.01% 58.606 3.69% 3.43%
0.683 0.00% 0.00% 68.330 2.21% 2.20%
0.797 0.01% 0.01% 79.667 1.91% 1.91%
0.929 0.01% 0.01% 92.885 1.46% 1.44%
1.083 0.00% 0.00% 108.296 1.06% 1.09%
1.263 0.01% 0.00% 126.264 0.60% 0.51%
1.472 0.01% 0.01% 147.212 2.01% 1.45%
1.716 0.01% 0.01% 171.637 0.26% 0.23%
2.001 0.01% 0.01% 200.114 0.02% 0.02%
2.333 0.01% 0.01% 233.316 0.35% 0.20%
2.720 0.01% 0.00% 272.027 25.60% 5.89%
3.172 0.02% 0.01% 317.160 3.67% 0.44%
3.698 0.02% 0.01% 369.781 0.35% 0.18%
4.311 0.03% 0.01% 431.133 0.01% 0.01%
5.027 0.04% 0.01% 502.664 0.00% 0.00%
5.861 0.04% 0.01% 586.063 0.00% 0.00%
6.833 0.05% 0.01% 683.300 0.00% 0.00%
7.967 0.06% 0.00% 796.669 0.00% 0.00%
9.289 0.08% 0.01% 928.848 0.00% 0.00%
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Table A.10 – 6.5kV, 10 mL/hr, 15mm from capillary tip, with flame present
Diameter
(µm)
Volume %
Standard
Deviation
Diameter
(µm)
Volume %
Standard
Deviation
0.108 0.00% 0.00% 10.830 0.96% 0.16%
0.126 0.00% 0.00% 12.626 1.26% 0.20%
0.147 0.00% 0.00% 14.721 1.48% 0.21%
0.172 0.00% 0.00% 17.164 1.74% 0.21%
0.200 0.00% 0.00% 20.011 2.12% 0.22%
0.233 0.00% 0.00% 23.332 2.68% 0.18%
0.272 0.01% 0.00% 27.203 4.05% 0.31%
0.317 0.02% 0.00% 31.716 6.28% 0.90%
0.370 0.05% 0.01% 36.978 7.08% 1.09%
0.431 0.06% 0.02% 43.113 4.17% 0.53%
0.503 0.10% 0.02% 50.266 1.94% 0.34%
0.586 0.06% 0.01% 58.606 1.09% 0.20%
0.683 0.01% 0.00% 68.330 0.88% 0.12%
0.797 0.06% 0.01% 79.667 1.12% 0.37%
0.929 0.09% 0.02% 92.885 2.16% 1.41%
1.083 0.05% 0.01% 108.296 4.47% 3.14%
1.263 0.10% 0.02% 126.264 6.08% 1.47%
1.472 0.07% 0.01% 147.212 6.63% 2.07%
1.716 0.12% 0.02% 171.637 5.72% 2.64%
2.001 0.13% 0.02% 200.114 5.23% 2.40%
2.333 0.14% 0.03% 233.316 8.78% 3.79%
2.720 0.15% 0.03% 272.027 13.39% 6.80%
3.172 0.20% 0.03% 317.160 1.54% 1.35%
3.698 0.23% 0.04% 369.781 4.30% 9.60%
4.311 0.30% 0.05% 431.133 0.31% 0.68%
5.027 0.35% 0.06% 502.664 0.00% 0.00%
5.861 0.39% 0.07% 586.063 0.00% 0.00%
6.833 0.51% 0.09% 683.300 0.00% 0.00%
7.967 0.58% 0.10% 796.669 0.00% 0.00%
9.289 0.79% 0.14% 928.848 0.00% 0.00%
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Table A.11 – 6.5kV, 10 mL/hr, 25mm from capillary tip, with no flame present
Diameter
(µm)
Volume %
Standard
Deviation
Diameter
(µm)
Volume %
Standard
Deviation
0.108 0.00% 0.00% 10.830 0.15% 0.30%
0.126 0.00% 0.00% 12.626 0.20% 0.43%
0.147 0.00% 0.00% 14.721 0.25% 0.54%
0.172 0.02% 0.02% 17.164 0.32% 0.64%
0.200 0.04% 0.02% 20.011 0.43% 0.76%
0.233 0.04% 0.02% 23.332 0.73% 0.90%
0.272 0.06% 0.03% 27.203 1.80% 1.27%
0.317 0.09% 0.05% 31.716 8.01% 2.74%
0.370 0.13% 0.08% 36.978 26.20% 11.06%
0.431 0.14% 0.09% 43.113 10.88% 3.08%
0.503 0.16% 0.11% 50.266 3.83% 2.12%
0.586 0.07% 0.05% 58.606 1.58% 1.32%
0.683 0.02% 0.01% 68.330 1.14% 0.86%
0.797 0.04% 0.02% 79.667 2.09% 2.46%
0.929 0.05% 0.02% 92.885 2.82% 2.54%
1.083 0.02% 0.01% 108.296 2.92% 2.37%
1.263 0.03% 0.01% 126.264 3.33% 2.79%
1.472 0.02% 0.01% 147.212 6.65% 5.65%
1.716 0.03% 0.02% 171.637 2.96% 2.89%
2.001 0.03% 0.03% 200.114 4.39% 3.75%
2.333 0.03% 0.03% 233.316 5.30% 6.13%
2.720 0.03% 0.03% 272.027 11.38% 4.91%
3.172 0.03% 0.05% 317.160 1.03% 0.58%
3.698 0.04% 0.06% 369.781 0.11% 0.20%
4.311 0.04% 0.07% 431.133 0.01% 0.01%
5.027 0.05% 0.09% 502.664 0.00% 0.00%
5.861 0.06% 0.10% 586.063 0.00% 0.00%
6.833 0.07% 0.14% 683.300 0.00% 0.00%
7.967 0.09% 0.17% 796.669 0.00% 0.00%
9.289 0.12% 0.24% 928.848 0.00% 0.00%
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Table A.12 – 7kV, 20 mL/hr, 25mm from capillary tip, with flame present
Diameter
(µm)
Volume %
Standard
Deviation
Diameter
(µm)
Volume %
Standard
Deviation
0.108 0.00% 0.00% 10.830 0.06% 0.02%
0.126 0.00% 0.00% 12.626 0.17% 0.06%
0.147 0.00% 0.00% 14.721 0.55% 0.18%
0.172 0.00% 0.00% 17.164 1.88% 0.54%
0.200 0.00% 0.00% 20.011 5.32% 1.17%
0.233 0.00% 0.00% 23.332 8.50% 1.38%
0.272 0.00% 0.00% 27.203 8.91% 0.93%
0.317 0.00% 0.00% 31.716 9.14% 1.09%
0.370 0.00% 0.00% 36.978 12.10% 0.84%
0.431 0.00% 0.00% 43.113 15.32% 1.78%
0.503 0.00% 0.00% 50.266 11.15% 1.08%
0.586 0.00% 0.00% 58.606 4.93% 1.28%
0.683 0.00% 0.00% 68.330 1.72% 0.58%
0.797 0.00% 0.00% 79.667 0.58% 0.18%
0.929 0.00% 0.00% 92.885 0.27% 0.07%
1.083 0.00% 0.00% 108.296 0.27% 0.16%
1.263 0.00% 0.00% 126.264 0.78% 0.95%
1.472 0.00% 0.00% 147.212 2.16% 3.08%
1.716 0.00% 0.00% 171.637 2.74% 3.03%
2.001 0.00% 0.00% 200.114 3.03% 2.16%
2.333 0.00% 0.00% 233.316 3.88% 1.40%
2.720 0.00% 0.00% 272.027 5.33% 2.70%
3.172 0.00% 0.00% 317.160 1.15% 0.77%
3.698 0.00% 0.00% 369.781 0.05% 0.04%
4.311 0.00% 0.00% 431.133 0.00% 0.00%
5.027 0.00% 0.00% 502.664 0.00% 0.00%
5.861 0.00% 0.00% 586.063 0.00% 0.00%
6.833 0.01% 0.01% 683.300 0.00% 0.00%
7.967 0.01% 0.01% 796.669 0.00% 0.00%
9.289 0.02% 0.01% 928.848 0.00% 0.00%
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Table A.13 – 7.5kV, 20 mL/hr, 25mm from capillary tip, with no flame present
Diameter
(µm)
Volume %
Standard
Deviation
Diameter
(µm)
Volume %
Standard
Deviation
0.108 0.00% 0.00% 10.830 0.02% 0.01%
0.126 0.00% 0.00% 12.626 0.03% 0.01%
0.147 0.00% 0.00% 14.721 0.06% 0.02%
0.172 0.00% 0.00% 17.164 0.14% 0.03%
0.200 0.00% 0.00% 20.011 0.55% 0.11%
0.233 0.00% 0.00% 23.332 0.40% 0.04%
0.272 0.00% 0.00% 27.203 0.12% 0.01%
0.317 0.00% 0.00% 31.716 0.20% 0.02%
0.370 0.00% 0.00% 36.978 2.41% 0.39%
0.431 0.00% 0.00% 43.113 27.87% 5.18%
0.503 0.00% 0.00% 50.266 12.51% 4.75%
0.586 0.00% 0.00% 58.606 0.68% 0.39%
0.683 0.00% 0.00% 68.330 0.02% 0.02%
0.797 0.00% 0.00% 79.667 0.00% 0.00%
0.929 0.00% 0.00% 92.885 0.00% 0.00%
1.083 0.00% 0.00% 108.296 0.00% 0.00%
1.263 0.00% 0.00% 126.264 0.09% 0.04%
1.472 0.00% 0.00% 147.212 3.96% 1.65%
1.716 0.00% 0.00% 171.637 16.36% 4.47%
2.001 0.00% 0.00% 200.114 11.86% 4.89%
2.333 0.00% 0.00% 233.316 7.79% 2.57%
2.720 0.00% 0.00% 272.027 13.38% 5.74%
3.172 0.00% 0.00% 317.160 1.45% 0.63%
3.698 0.00% 0.00% 369.781 0.06% 0.03%
4.311 0.00% 0.00% 431.133 0.00% 0.00%
5.027 0.00% 0.00% 502.664 0.00% 0.00%
5.861 0.00% 0.00% 586.063 0.00% 0.00%
6.833 0.01% 0.00% 683.300 0.00% 0.00%
7.967 0.01% 0.00% 796.669 0.00% 0.00%
9.289 0.01% 0.00% 928.848 0.00% 0.00%
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The following graphs present the volume percentages as in the results section
but the abscissa has been changed to droplet volume, in mL, from droplet diam-
eter.
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Figure A.1 – Droplet size dependence on butanol flow rate, no combustion
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Figure A.2 – Droplet size dependence on butanol flow rate, during combustion
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Figure A.3 – Droplet size dependence on voltage, no combustion
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Figure A.4 – Droplet size dependence on voltage, during combustion
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